The purpose of this study was to examine the seasonal variations of melatonin secretion of subjects and of their surrounding light conditions. Eight Japanese female students (20.1Ϯ2.6 yrs, MeanϮSD) living in Fukuoka, Japan, participated in the present study. Saliva samples were collected every 3 hours over the course of a day, and the light intensity during daily life was measured every 1 min for 5 days in the four seasons. Almost all subjects had different melatonin secretory profiles in autumn, with only two subjects showing similar rhythms in all four seasons. The peak values of melatonin secretion calculated by a spline interpolation were higher in autumn than those in other seasons (pϽ0.001, Fisher's PLSD) and its peak time in this season was significantly delayed compared with those in spring and summer (pϽ0.05, Fisher's PLSD). The amount of time during daytime exposure to light of Ͼ1,000 lux was at least thirty minutes in all the seasons, and there were no significant differences among them. The relationship between peak level of melatonin secretion and amount of time of daytime light exposure to Ͼ1,000 lux was significant only in the autumn. During this season, there was a significant positive correlation (rϭ0. 83, pϽ0.05, nϭ6), except for two subjects, whose melatonin secretion remained low.
Introduction
Melatonin is the primary hormone of the pineal gland, and exhibits a circadian rhythm with the highest levels at night. It is controlled by a pacemaker located in the suprachiasmatic nuclei (SCN) of the hypothalamus (Arendt and Skene, 2005; Illnerova et al., 2000; Lerchl et al., 1995; Vaughan GM et al., 1978) . In mammals, it has been shown that the circadian pacemaker is photoperiod (day-length) dependent (Goldman, 2001; Sumova et al., 1995) . Melatonin also exhibits seasonal variations in its circadian rhythm, and such seasonality is well documented in animals and is considered to be a reaction to seasonal changes in day-length (Karsch et al., 1986; Lincoln et al., 2003; Woodfill et al., 1994) . Wehr (1998) demonstrated that the human nocturnal melatonin secretion synchronized with a controlled light-dark cycle in humans, and he also suggested that the duration of nocturnal human melatonin secretion under constant dim light is governed by the duration of the dark period (scotoperiod) to which an individual was most recently chronically exposed, suggesting that seasonal changes in duration of the natural scotoperiod could trigger the seasonal responses of melatonin secretion. Honma et al. (1992) reported that plasma melatonin rhythm showed an earlier peak time in summer (long daylength, strong solar radiation) than in winter (short day-length, weak solar radiation), while Vondrasova et al. (1997) reported that only morning melatonin decline was advanced in the summer compared with the winter. These studies were carried out at a research facility, however, and so the subjects might have been subjected to an unusual experimental time-schedule or unexpected psychosocial stress. Such seasonal variations of melatonin secretion, as a response to a change of day-length, may not apply to modern humans who have less exposure to natural daylight during the daytime and are exposed to artificial light at night.
In this study, we have measured the seasonal rhythms of melatonin secretion and actual light exposure of subjects during their normal daily activities. We have also investigated whether the melatonin secretion rhythm and light exposure displayed seasonality, and how surrounding light conditions were related to the secretory rhythm of melatonin. 
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Methods
Subjects
Eight healthy female students (20.1Ϯ2.6 yrs, MeanϮSD) participated in the present study. They were Japanese living in Fukuoka Japan (latitude 33°35ЈN). All subjects were nonsmokers, could sleep well at night, and had a good appetite. They were in good health, were not taking any medication and had no psychological problems.
The experimental procedures were fully explained to each subject before the beginning of the experiment. They were paid for their participation.
Procedures
This research was carried out in the field four times during the course of a year around the winter solstice, spring equinox, summer solstice and autumn equinox. The experimental period was from Monday to Friday in each of the four seasons. Subjects were required to sleep from 23:00 h until 07:00 h in darkness, and to undertake their regular daily work during the experimental days.
Subjects were instructed to wear continuously an Actiwatch (Mini-Mitter Comp., Inc.) by which the intensity of light exposure and accumulated movement activity levels were recorded every 1 min. Saliva samples were collected every three hours during the course of a day from 10:00 h on Thursday to 07:00 h on Friday, which excluded the time of menstruation (because some subjects reported periodic taking of analgesics during that period), using collection tube Salivettes (Sarstedt, Rommelsdorf, Germany), for measurement of melatonin levels. Before the experiment, the subjects were told how to collect saliva samples using Salivettes; they were also instructed not to take caffeine, alcohol, or medicine during the experiment, not to eat, drink, or brush their teeth during the period 90 min before a sampling time, and to rinse their mouth with water 30 min before the diurnal sampling time. As for nocturnal saliva collection, subjects were asked to set the clock-timer to three hours, and collect saliva in darkness.
Samples were immediately stored at Ϫ5°C in a refrigerator and moved to the laboratory the next day. The saliva samples were subsequently stored at Ϫ20°C in the laboratory until thawed for melatonin measurement. Salivary melatonin was measured by commercial ELISA kits (Buhlmann Laboratories AG Swiss).
Since melatonin levels were the data obtained every three hours, the spline interpolation, which produced smooth fit curves without changing the original points, was applied to the calculation of peak level and peak time of melatonin secretion.
Statistics
Statistical analysis was performed by two-way repeated measures and one-way analysis of variance (ANOVA) followed by Fisher's PLSD post hoc tests, and assessment of Pearson's correlation coefficient.
Results
Mean and individual melatonin rhythms are shown in Figures 1 and 2 . Figure 1 shows the group means; there were typical melatonin circadian rhythms, i.e., rising in the evening and declining in the early morning. There were significant differences and interaction between the seasons (pϽ0.001, repeated measures ANOVA). In winter, spring and summer, melatonin rhythms showed a similar tendency, while those levels at 4:00 h and 7:00 h were significantly higher in autumn than in other seasons (pϽ0.001, Fisher's PLSD). Melatonin peak time in autumn also seems to be delayed compared with other seasons. This would account for the interaction effect. Table 1 shows peak level and peak time of melatonin secretion calculated by spline interpolation. The peak level was significantly higher in autumn compared with other seasons (pϽ0.001, Fisher's PLSD), and the time of the peak was also 210 Melatonin and Light in Fukuoka, Japan significantly delayed in autumn compared with spring and summer (pϽ0.05, Fisher's PLSD). Individuals' melatonin rhythms show these differences, except for subjects J2 and J7 (Figure 2 ). Concerning the light intensity and the exposed time to light in the evening which the subjects experienced, those were very small, and there did not exist any seasonal variation. The total time (between 07:00 h and 16:00 h) which subjects spent under bright light was calculated for each subject and then compared with that individual's melatonin rhythm. Bright light was decided as Ͼ1,000 lux which was based on the reports (Cole et al., 1995; Espiritu et al., 1994) . Mean exposure times were 31.40Ϯ33.97 (min/dayϮSD) in winter, 30.31Ϯ24.53 in spring, 37.85Ϯ15.59 in summer and 33.94Ϯ13.25 in autumn. Mean exposure times were Ͼ30 min in all four seasons, and there were no significant differences between these times. Figure 3 shows the relationship between the peak level of melatonin secretion and the amount of time of exposure to Ͼ1,000 lux in each season; none of the correlations was significant. However, the distribution only in autumn seemed to have some remarkable trends. Most subjects showed different characteristics of melatonin peak level and peak time in autumn from those in other seasons, while subjects J2 and J7 did not have such behavior in autumn (Fig. 2) . We therefore re-analyzed these data excluding subjects J2 and J7. In this case, a significant correlation was found between peak level of melatonin secretion and exposure time to light Ͼ1,000 lux in the autumn (rϭ0.83, pϽ0.05, Fig. 4 ), but subjects still had light exposure times that did not differ significantly between the seasons.
Activity data during the daytime (between 07:00h and 16:00h) was also calculated in each season and subject. Mean activities were 12.97Ϯ28.34 (ϫ10 3 countϮSD) in winter, 12.33Ϯ21.85 in spring, 14.65Ϯ37.35 in summer, and 13.11Ϯ 27.31 in autumn. There were no significant differences between the seasons, though there were significant differences between the subjects (pϽ0.001, repeated measures ANOVA). However, we could not find any specific relationships between melatonin behavior and individual's activity. 212 Melatonin and Light in Fukuoka, Japan
Fig. 3
Relationship between peak level of melatonin secretion and exposure time to light Ͼ1,000 lux during the daytime (each season, nϭ8). 
Discussion
In autumn, melatonin circadian rhythms differed from the other seasons: peak levels of melatonin secretion were higher, and the peak time of melatonin secretion was delayed. Furthermore, there was a significant correlation between the peak level of melatonin secretion and the amount of time of exposure to daytime light Ͼ1,000 lux only in the autumn, when the relationship was direct. The present results were inconsistent with previous reports that showed an advance of melatonin peak level or morning decline in summer (Honma et al., 1992; Vondrasova et al., 1997) , but no such shift of melatonin secretion was observed in summer in this study. This discrepancy in summer may reflect the modern lifestyle of humans, i.e., they are little exposed to natural daylight during the daytime and exposed to artificial lighting after dusk. In fact, in the current study, mean times that subjects were exposed in the daytime to light Ͼ1,000 lux were below 40 min/day, even in the summer, when there is a long photoperiod.
Two questions arise from our results: Why did the melatonin rhythm show a higher peak level and delayed peak time in autumn? Why did subjects J2 and J7 show different behavior during this season?
It has been reported that bright light exposure during the daytime affected plasma and urinary melatonin rhythm in humans (Hashimoto et al., 1997; Park and Tokura, 1999) . Hashimoto et al. (1997) showed that midday exposure to bright light advanced the onset phase, but not the end phase, of plasma melatonin. On the other hand, Park and Tokura (1999) showed greater melatonin in urine during the night when subjects received the bright light during the daytime. In our study, subjects were exposed to bright light mainly during the daytime, and the difference of the amount of bright light exposure between the seasons was not statistically significant. However, the melatonin rhythm in autumn exhibited a greater peak level and delayed peak time.
The quality of light may be one of factors causing this seasonality in the melatonin rhythm. It has been reported that exposure of light quality had different effects on melatonin secretion depending on its wavelength. Morita et al. (1995; found that green light irradiation of 2,500 luxϫ5 h during the morning or that of 1,000 luxϫ5 h during the evening inhibited nocturnal urinary melatonin levels compared with red light. In the present study, the natural sunlight and/or artificial light the subjects were exposed to in autumn might have had different wavelengths compared with the light during other seasons, and/or subjects J2 and J7 might, because of their lifestyle, have been exposed to different light intensity and wavelengths. It is important to collect more data pertinent to this issue. Such measurements, of the wavelengths of light received by subjects during their daily life, are a topic for a future study.
There are several studies which observed an increase of the human serum melatonin level in the luteal phase compared to the follicular phase during the menstrual cycle (Arendt, 1978; Webley and Leidenberger, 1986) . Opposite to this, Ito et al. (1995) and Kivela et al. (1988) reported no significant effect of the menstrual cycle on plasma or serum melatonin levels, but Kivela et al. (1988) also found that the mean nighttime serum melatonin levels were significantly higher in winter than in summer during the follicular phase. This seasonal difference observed in our study might have been caused by higher peak level and/or shifted peak time of melatonin rhythm during the follicular phase in winter compared with in summer, because their sampling time was a 6-hour interval. As mentioned above, it still remains to be discovered whether the menstrual cycle and its seasonality effects correlate to melatonin secretion. Thus, such a menstrual cycle of subjects on a saliva sampling day might have affected seasonal and individual differences of melatonin peak level and peak time in this study.
On the other hand, seasonal variation in the amplitude of the melatonin peak was displayed in animal studies such as the European hamster (Garidou et al., 2003; Vivien-Roels et al., 1992) and the Siberian hamster (Ribelayga et al., 2000) . Garidou et al. (2003) reported that the European hamster displayed an annual variation in the nocturnal peak of pineal melatonin content with a small peak (5-fold increase at night; 4-h duration) in a naturally long photoperiod (June) and a large one (15-fold nocturnal increase; 9-h duration) in a naturally short photoperiod (November) . Surprisingly, they also reported the amplitude of the nocturnal melatonin peak was significantly lower in indoor hamsters kept for 8 wk under an artificially short photoperiod compared with outdoor hamsters in November. The factors that vary throughout the year (e.g., stress of psychosocial events and mood) might have affected the melatonin rhythm, and ambient temperature and day-length varying with the season might also have triggered the seasonal change of melatonin behavior observed in this study. However, the present study does not enable us to conclude which factors might have been responsible for the seasonal rhythm of melatonin. Although a precise answer to the cause could not be fully explained, at least it is a fact that there was a remarkable correlation between the higher melatonin peak level and the amount of time during daytime exposure to light of Ͼ1,000 lux in autumn. Such a phenomenon might imply a seasonal change in the individual's sensitivity to light, followed by an increase of the melatonin peak level in the autumn in humans. Aizawa et al. (2002) reported that melatonin administration reduced human tympanic temperature (T ty ) and it made cutaneous vasodilation and local sweating of the forearm occur at significantly lower T ty during local body warming in a hot water bath. They concluded that melatonin administration lowers the thermoregulatory setpoint.
The higher melatonin peak level in autumn seems to be helpful for cold resistance by reducing the core temperature, and it may be an adaptive mechanism for the onset of the cold winter.
